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Abstract
Abbott Vascular produces a variety of medical guide wires to accommodate a wide array of
minimally invasive medical procedures. Certain types of these wires have the distal core
flattened to improve specific properties such as flexibility and steerability. However, it is
unknown how this affects the other mechanical properties of the wire. Abbott Vascular provided
two types of wire to test the effects of distal core flattening on the mechanical performance of the
wires. One group of wires was made from 304 single spring stainless steel with no flattening
performed. The other group of wires was made from 304 triple spring stainless steel, which are
cold worked to a greater extent than the single spring wires. Additionally, a 10-centimeter
section of the triple spring wires are flattened for testing. Mechanical performance was tested
through tensile and microhardness testing. Scanning electron microscopy (SEM) was also
performed to observe the fracture surface of the wire. Tensile tests resulted in no discernable
difference in ultimate tensile strength between the two wires but there was a noticeable increase
to elongation to break for the triple spring samples. Single spring wires averaged lower Vickers
hardness values than triple spring wires, but also had less variance in hardness along the length
of the wire compared to triple spring wires. SEM imaging indicated neither pure brittle nor pure
ductile fracture occurred at the fracture surface of the wires.
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Introduction
The effect of distal core flattening on medical guidewires is not fully understood and requires
further exploration. Abbott cardiovascular produces a variety of medical guidewires to
accommodate a wide array of minimally invasive medical procedures. Certain types of these
wires have the distal core flattened to improve specific properties such as flexibility and
steerability, but it is unknown how this affects the other mechanical properties of the wire.
Abbott Vascular utilizes the Turns to Failure test (TTF) to assess their wires. This project will
analyze the failed samples to determine the effects of the flattening of the wire. Aside from the
previous students working on this project, there is no literature on this topic to the best of my
knowledge. Any new data may prove to be useful to Abbott Vascular in the development of next
generation guide wires.

Problem Statement
Abbott Cardiovascular uses several different types of tempered steels and varying degrees of
distal flattening on their guide wires. These changes have been observed to provide benefits
working with more difficult operations. However, there is no research or literature on the effects
this flattening has on the mechanical properties of the wire. Prior work on this project has found
that heat treatment increases the strength of the wires whereas plastic deformation decreases
strength.

Abbott Cardiovascular Inc
Abbott Cardiovascular Inc is the cardiovascular device division of the multinational medical
device and health care company Abbott Laboratories. Abbott was established over 130 years ago
as a pharmaceutical drug production company but has since expanded into over 160 countries
and is one of the largest health care related companies in the world. Abbott’s core values are not
only to provide the means to extend life, but to also increase the quality of life of their customer
significantly. Their mission statement on their website is “Live your best life, now and in the
future” reflects this sentiment. Abbott Cardiovascular (also known as Abbott Vascular) is a
division that focuses on medical devices that treat vascular diseases such as heart valves,
pacemakers, vascular stents, catheters, and guide wires. [1]
St. Jude Medical Inc was acquired by Abbott Laboratories in 2016 to enhance its cardiovascular
division. This acquisition allowed Abbott to compete in more areas of cardiovascular treatment
and put out more products to help further Abbott’s goal of extending and improving life. [2]
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Medical Guide Wires
Medical guidewires are thin metal wires used in many medical applications to guide larger
instruments inside the human body. (Figure 1) One of the most common use cases is to guide
catheters through vascular passages. [3] The usage of guide wires in medicine can be traced back
to 1929 when Dr. Werner Forssmann performed cardiac catheterization on himself to prove to
his colleagues the viability of this instrument. [4] The technology behind guide wires has
developed greatly since then, resulting in wires that are more sophisticated, smaller, and made
from a wide range of new materials. The continued development of guide wires has helped
increase quality of life by helping medical professionals operate inside the body with minimal
damage to living tissue.

Figure 1. Example of a medical guide wire. Each wire's properties can be tuned by the labelled
components. [5]
The four major components to a guidewire are the core, wire tip, body, and the coating. These 4
components dictate the characteristics of a guide wire and control over each of them allows for
fine tuning of the final wire properties. Guidewire specifications are described by their
pushability, steerability, torque, and radiopacity. Pushabilty measures the amount of force
required to advance through a vessel. Steerability is a measure of how easily the wire can follow
and navigate through a vessel. Torque denotes wire response when an operator applies a
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rotational force. Radiopacity is a measure of how visible the guide wire is under fluoroscopic
imaging. [6] A wire cannot have the best performance in every category and tradeoffs must be
made according to the use case. For example, a wire made of steel will be stiffer and offer
greater torquability and pushability compared to a wire of nitinol but will lose out on steerability.
[7]

Today, most guide wires are made using either stainless steel or nitinol cores for their favorable
mechanical properties and biocompatibility. [8] These wires are also sometimes coated with
polymers such as Teflon depending on the use case. These coatings cause the wire to be either
hydrophobic (better tactile feedback at the cost of trackability) or hydrophilic (creates gel-like
coating that improves trackability at the cost of greater risk of perforation). [9] Abbott has found
great use for guidewires in the treatment of coronary artery disease (CAD) via angioplasty and
stenting. [10] This condition occurs when the buildup of plaque blocks blood flow and the supply
of oxygen and nutrients to the heart. To address this, a guide wire is used to guide in instruments
to remove the blockage and place an arterial stent to maintain the diameter of the blood vessel.
(Figure 2) This is all done with minimal tissue damage due to the small size and flexibility
offered by the guide wire.

Figure 2. Diagram of angioplasty and stenting procedure. Medical instruments are able to be
delivered to the site of the blockage facilitated by the guide wire. [11]
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304 Stainless Steel
Stainless Steel alloys are one of the most common materials when it comes to medical
applications. As previously mentioned, stainless steels (SS) have favorable mechanical properties
while maintaining the required corrosion resistance and biocompatibility to be used for medical
instruments. This is largely due to the composition of SS alloys and the resulting phases present.
(Figure 3) The percentage of alloying elements can vary depending on what is required.

Figure 3. Phase diagram of austenitic stainless steels. (left) Phase diagram of steels with varying
Chromium content. (right) Phase diagram with varying Nickel content. [13]
While there are many types and grades of stainless steel, 304 is the most common alloy used.
[14] This specific alloy is sometimes still referred to by its old name 18/8, which refers to its
alloy content of 18% Chromium and 8% Nickel. (Table I) 304 is a low carbon steel with
anywhere between 0-0.08% carbon and this composition results in 304 being an austenitic steel.
As a consequence, 304 cannot be heat treated like carbon steels since there is not enough carbon
to create sufficient strain in the lattice. The high percentage of Nickel as an austenite stabilizer
also means the majority of the steel is FCC austenite and affords the steel a high level of
ductility. This is useful for the high level of strain required to process 304 into wire.
Table I: AISI 304 Stainless Steel Composition [15]
Alloying
Element
Weight
Percent

Chromium Nickel

Manganese Silicon

Carbon

Nitrogen

Sulfur

18.0-20.0

2.0

0-0.08

<0.10

<0.030

8.0-10.5

1.0
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Another interesting property of 304 is the fact that its austenite phase is metastable at room
temperature. A result of this metastable nature means that plastic deformation induces a
martensitic transformation in 304. This transformation transforms ɣ-austenite (FCC) into εmartensite (HCP) and ⍺ʹ-martensite (BCT). The formation of the ɛ-martensite relaxes the stress
of austenitic grains (FCC) while the formation of αʹ-martensite can accommodate a large amount
of strain and dissipates local stress concentrations. The resulting new structure increases the
work hardening capability and ductility of 304. [16] This effect likely plays a role in the
increased flexibility and steerability of guide wires with flattened distal cores.

Wire Diameter
Wires are an interesting class of materials to conduct mechanical testing on. This is due to a
phenomenon where smaller wire diameters result in greater strength. Tensile strength increases
exponentially inversely to wire diameter. (Figure 4) Much of this increased strength comes from
the cold-drawing process required to form wires. The cold work that occurs during this process
results in smaller grain size and thus a greater strength. This is relationship is explained using the
Hall-Petch equation. This will be an important property of wires to remember to explain the
strength of the guide wires later on as many steel wires exhibit an ultimate tensile strength in the
neighborhood of over 1 GPa whereas bulk 304 maxes out around 505 MPa. This was the main
topic for a 2019 UCLA study on the size effects of high strength steel wires. [17]
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Figure 4. Plot of tensile strength against wire diameter. The green line showcases the behavior
we can expect out of the wires. [17]

Mechanical Requirements
Guide wires are usually tested to meet the requirements of ISO 11070. This standard requires
guide wires with a diameter of greater than 0.075 centimeters to withstand a force of 10 N during
tensile testing. [18] A major issue that affects guide wires is their propensity to kinking or
bending which at best complicates the operation and at worst causes damage to the patient. By
contrast, fracture failure is rare and usually is the result of the operator applying too much force
on the wire. The idea behind tensile testing is that a greater tensile strength corresponds to
greater resistance to both kinking and getting stuck inside a vessel. The study by Wolfram
Schummer also found that various types of common guide wires showed significant variance in
their peak tensile strength. [18] This difference in strength was important under clinical
conditions but failed to show itself under ISO 11070 testing. Three case studies by Goutam Datta
[19] showed that the guide wire fractured under conditions where the guide wire had to undergo
many turns and ultimately got stuck. These studies showed that a simple tensile test, such as with
the testing methods in ISO 11070, does not capture the conditions of a guide wire under clinical
use. However, both studies concluded that higher strength wires limit the rate of failure under
clinical usage, which is why testing is still done in accordance with ISO 11070.
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Experimental Procedure
The general lab safety procedures were required for this project. Proper personal protective
equipment (PPE) included long pants, closed toe shoes, and safety glasses. A unique piece of
PPE this year was the inclusion of a face mask. Working in the lab during the COVID-19
pandemic also meant that face masks and social distancing were legitimate safety concerns to
keep in mind. Tensile tests, microhardness tests, and scanning electron microscope (SEM)
imaging were conducted to characterize the effects of distal core flattening on the medical guide
wires. Abbott provided 2 different groups of guide wires; with each group containing 10 wires.
One group of wires was made from 304 single spring (SS) stainless steel with no flattening
performed. The other group of wires was made from 304 triple spring (TS) stainless steel, which
are cold worked to a greater extent than the single spring wires. Additionally, a 10-centimeter
section of the triple spring wires are flattened for testing. The SS wires on average had a 90micron diameter. The TS wires on average had a 100-micron round diameter and were flattened
to 75 microns. (Figure 5)

Figure 5. SS guide wire on a piece of printer paper with a ruler for scale.
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SEM
Several wire samples were imaged in the SEM with parameters of 20 kV and a spot size of 4.
(Figure 6) Unlike commercial wires, these wires were not coated so the high accelerating voltage
would not result in charging. Samples were mounted vertically using conducting double sided
carbon tape. (Figure 7) Wire samples were selected randomly from a collection of wire samples
taken after tensile testing. Multiple samples from both the SS and TS wires were taken at various
parts of the wire’s length.

Figure 7. Sample stage with wire
samples mounted to carbon tape.

Figure 6. Picture of SEM used to image
fractured wire samples.

The cross-sectional area of the wires was found using a program known as ImageJ (Figure 8)
The scale at the bottom of the SEM image was used to set the scale for the measurement.
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Figure 8. ImageJ screenshot measuring the cross-sectional area of a wire.

Tensile Testing
To investigate the effects of distal core flattening on medical guide wires, tensile testing was
performed using the Mini Instron 55 located in the mechanical testing lab. (Figure 9) The guide
wires were tested according to a modified version of ISO 11070. The crosshead displacement
rate was set to 10 mm/min until failure; this rate was chosen as it is the same rate Abbott tests its
wires. The load and extension data were extracted, and analysis was performed in excel to
determine the performance of each wire.
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Figure 9. Guide wire loaded in grips of Mini Instron 55 for tensile testing.
240 grit emery paper was placed on the jaws of the Instron grips prior to tensile tests of the
wires. This was done to address two problems, wire slip, and fracture outside the gauge length.
The small diameter of the guide wires made tensile tests difficult as they would often slip
between the teeth in the Instron grips. (Figure 10) If slip did not occur, the wire would often
kink, creating a stress concentration in the grips and causing the wire to fail in the grips instead
of the gauge length. Emery paper is often used in the rough preparation step of metallography to
remove material from metallography mounts. The surface of the paper is covered in numerous,
small abrasive particles that prevented the wires from slipping. The paper also solved the issue of
the wire getting stuck between the teeth of the Instron grips and fracturing outside of the gauge
length.
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Figure 10. Grips used by Mini Instron 55 for tensile testing. Emery paper was applied to the
surface contacting the wire.

Microhardness
In addition to the tensile testing, microhardness testing was also performed to assess mechanical
properties. (Figure 11) 4 types of samples were tested, as-received single spring and triple spring
as well as tensile tested sample of both types of wires. The wire sections were mounted in acrylic
and ground from 240-600 grit to expose the wires. Testing was performed on the microhardness
test machine in the metallography lab. The sample mounts were secured on the sample stage and
testing sites were located using the adjustment knobs on the machine. All tests were conducted
using a 500-gram load on all wires in each mount. This was done to mitigate the effects of work
hardening from the indentation process. Vickers hardness (HV) was calculated using the
following formula: HV = (1.854 * 103) * (F / d2) where F is the load and d is the diameter of the
indentation.
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Figure 11. Picture of mount containing wires being tested with a 500-gram load.

Results and Discussion
SEM
SEM imaging was performed to observe the fracture surface of the wires. This also served a
secondary purpose of allowing calculation of tensile strength and confirming the shape of the
wires. (Figure 12) The SS wire shows signs of typical cup and cone ductile fracture and were
measured to have a cross-sectional area of roughly 6700 square microns. (Figure 13)
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Figure 13. Single spring sample (cone
of fracture)

Figure 12. Single Spring sample
(wire end)

The TS wire sections exhibited more brittle fracture features as is evident with the less
pronounced necking and smoother fracture surface. (Figure 14) These wires had a measured
cross-sectional area of 7300 square microns. (Figure 15)

Figure 15. Triple spring sample
(fracture surface)

Figure 14. Triple spring sample
(fracture surface)
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Tensile Testing
Before we discuss the tensile test results, it is important to make mention of a peculiar property
of steel wires. We had initial concerns over the measured tensile strength as it was far beyond
what normal 304 is capable of. 304 has a normal ultimate tensile strength of 505 MPa [20], but
these wires were failing under 2.4 GPa of stress. This is, however, a well-documented
phenomena as mentioned in the earlier 2019 UCLA study. Drawn wires have been shown to
have an inverse relation of tensile strength with wire diameter and get exponentially stronger as
diameter decreases. Given the larger diameter of the TS wires, we would expect them to have a
smaller UTS compared to the SS wires.
All tensile tests were conducted with a crosshead displacement rate of 10 mm/min until failure
occurred. This first graph plots load against extension for SS wires. (Figure 16) A total of 19
tensile tests were conducted on the SS wire These wires sustained an average maximum load of
16.5 N at failure, this is shown on the graph as the orange dashed line. Average elongation at
break was 1.08 mm and this is denoted with the solid orange line. Ultimate tensile strength was
calculated at 2464.14 MPa using this load at failure and the cross-sectional area found through
SEM imaging.
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Figure 16. Plot of load versus extension for SS wire tests. The legend denotes individual tests on
a wire. Each wire had enough length to be tested three times, so 2.1 denotes wire 2, test 1.
This second graph plots load against extension for TS wires. (Figure 17) A total of 19 tensile
tests were performed on the TS wires. These wires sustained an average maximum load of 17.53
N at failure, this is shown on the graph as the red dashed line. Average elongation at break was
1.17 mm and this is denoted with the solid red line. Ultimate tensile strength was calculated at
2458.47 MPa using this load at failure and the cross-sectional area found through SEM imaging.
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Figure 17. Load versus extension plot of TS wires.
The triple spring samples withstood a higher load and extension before failure compared to the
single spring samples. The larger maximum load can be attributed to the larger diameter of the
TS wires compared to the SS wires. Elongation to failure for TS wires was also larger compared
to SS wires. (Table II) These results suggest that flattening increases the tensile strength and
toughness of wires. Due to the larger diameter of the TS wires, we would expect them to have a
lower UTS than SS wires based on the UCLA study mentioned earlier. However, we are not
seeing that behavior as the tensile strength between the two wires is virtually the same. This can
be attributed to the extra cold work performed on the TS flattened wires. This graph gives us a
better visual representation of the different mechanical performance between the wires. (Figure
18)

21

Table II:SS and TS Tensile Test Data
Sample Type

SS

TS

Load (N)

16.50

17.53

Extension (mm)

1.08

1.17

Tensile Strength
(MPa)

2464.14

2458.47

Max Load vs Max Extension
18

TS wires

17.5

Max load, N

17

SS wires

16.5
16

15.5
15
14.5
14
0.95

1

1.05

1.1

1.15

1.2

Max extension, mm
Figure 18. Maximum load (dashed) and extension (solid) of SS wires (yellow) compared to TS
wires (red).

Microhardness
Microhardness testing was conducted using wires in the as received condition as well as after
tensile testing. For the as received condition, wire sections were taken from various points along
the length of a single wire. This was done to evaluate the effects of flattening along the length of
wire as flattening is not consistent along the entire length. From these tests, it was determined the
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TS wires had a higher average microhardness compared to the SS wires. SS wires had an average
microhardness of 612.4 HV and TS wires had an average microhardness of 668.95 HV. (Figure
19) The SS sample on the left exhibits less variability in Vickers hardness compared to the TS
wires. From this, it appears flattening creates greater variability in the hardness along each wire.
2-sample t-tests in Minitab confirm that there was a statistically significant difference in
microhardness between SS and TS. This suggests that increasing cold work on the wire increases
the variability in microhardness.

Figure 19. Box and whisker plot of measured microhardness of SS and TS wires.
This trend continues with the tensile tested wires as well. On the graph below, the two left plots
are the HV values for wires in the as-received condition and on the right are samples taken after
tensile testing. (Figure 20) The SS wires after tensile testing averaged 677.21 HV and the TS
wires after tensile testing averaged 743.02 HV. (Table III) Tensile testing increases the amount
of cold work done on the wires, so we should expect higher Vickers hardness as well as a larger
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variability in the measured values. This was observed to be true as these tensile tested samples
exhibited much greater variability in Vickers hardness, which supports the suggestion that
additional cold work causes greater variability in measured microhardness.

Figure 20. Box and whisker plot of SS and TS wires in as-received condition versus after tensile
testing.
Table III: Average Microhardness of Guide Wire Samples
Sample Type
Microhardness
(HV)

SS
612.40

TS
668.95
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SS (tested)
677.21

TS (tested)
743.02

Conclusion
1. Flattening on triple spring wires was observed to increase tensile strength.
2. Flattened triple spring wires were also observed to experience larger elongation at break,
which suggests flattening increases toughness.
3. Cold work through flattening or tensile testing increased average microhardness at the
cost of greater variability in measured microhardness values.

Future Work
Due to time constraints, we were unable to conduct further analysis of these wires, but here are
some possible avenues to explore. Moving forward, we would like to see metallography done on
these wires. Metallography is one of the most useful tools in material characterization and
microstructure analysis of these wires would provide greater insight into the behavior we are
seeing. Heat treatment of the wire could likewise be used to determine how the different phases
in the wires affect performance. Abbott produces guide wires from other alloys as well. Tensile
and microhardness testing on flattened versions of these other wires may help determine the
exact benefits of distal core flattening. 3-point bending and turns to failure test are more realistic
loading conditions for the wires and would provide more useful mechanical strength data for
Abbott.
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